Anderson localization of waves in disordered media was originally predicted 1 fifty years ago, in the context of transport of electrons in crystals 2 . The phenomenon is much more general 3 and has been observed in a variety of systems, including light waves 4,5 . However, Anderson localization has not been observed directly for matter waves. Owing to the high degree of control over most of the system parameters (in particular the interaction strength), ultracold atoms offer opportunities for the study of disorder-induced localization 6 . Here we use a non-interacting Bose-Einstein condensate to study Anderson localization. The experiment is performed with a one-dimensional quasi-periodic lattice-a system that features a crossover between extended and exponentially localized states, as in the case of purely random disorder in higher dimensions. Localization is clearly demonstrated through investigations of the transport properties and spatial and momentum distributions. We characterize the crossover, finding that the critical disorder strength scales with the tunnelling energy of the atoms in the lattice. This controllable system may be used to investigate the interplay of disorder and interaction (ref. 7 and references therein), and to explore exotic quantum phases 8, 9 .
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The transition between extended and localized states originally studied by Anderson for non-interacting electrons has not been directly observed in crystals, owing to the high electron-electron and electron-phonon interactions 2 . Researchers have therefore turned their attention to systems where interactions or nonlinearities are almost absent. Evidence of the Anderson localization for light waves in disordered media has been provided by an observed modification of the classical diffusive regime, featuring a conductor-insulator transition 4, 5 . However, a clear understanding of the interplay between disorder and nonlinearity is considered crucial in contemporary condensed matter physics. First effects of weak nonlinearities have been recently shown in experiments with light waves in photonic lattices 10, 11 . The combination of ultracold atoms and optical potentials offers a novel platform for the study of disorder-related phenomena where most of the relevant physical parameters, including those governing interactions, can be controlled 6, 8 . The introduction of laser speckles 12 and quasi-periodic optical lattices 9 has made possible the investigation of the physics of disorder. The investigations reported so far have explored either quantum phases induced by interaction 9 or regimes of weak interaction where the observation of Anderson localization was precluded either by the size of the disorder or by delocalizing effects of nonlinearity [12] [13] [14] [15] [16] .
In this work, we use a Bose-Einstein condensate in which the interactions can be tuned independently of the other parameters 17 , to study localization due purely to disorder. We study localization in a one-dimensional lattice perturbed by a second, weak incommensurate lattice, which constitutes an experimental realization of the non-interacting Harper 18 or Aubry-André model 19 . This quasi-periodic system displays a transition from extended to localized states analogous to the Anderson transition, already in one dimension 20, 21 , whereas in the case of pure random disorder, more than two dimensions would be needed 22 . We clearly observe this transition by studying transport and both spatial and momentum distributions, and we verify the scaling behaviour of the critical disorder strength. Our system is described by the Aubry-André hamiltonian
where jw m ae is the Wannier state localized at the lattice site m, J is the site-to-site tunnelling energy, D is the strength of the disorder, b 5 k 2 /k 1 is the ratio of the two lattice wave numbers, and w is an arbitrary phase. In the experiment, the two relevant energies J and D (see Fig. 1a ) can be controlled independently by changing the heights of the primary and secondary lattice potentials, respectively. For a maximally incommensurate ratio b 5 (!5 2 1)/2, the model exhibits a sharp transition from extended to localized states at D/J 5 2 (refs 18, 19, 21) . For the actual experimental parameters, b 5 1.1972… and the transition is broadened and shifted towards larger values of D/J (see Fig. 1b ). Owing to the quasi-periodic nature of the potential, these localized states appear approximately every five sites (2.6 mm).
The non-interacting Bose-Einstein condensate is prepared by sympathetically cooling a cloud of interacting 39 K atoms in an optical trap, and then tuning the s-wave scattering length almost to zero by means of a Feshbach resonance 17, 23 (see Methods). The spatial size of the condensate can be controlled by changing the harmonic confinement provided by the trap. For most of the measurements the size along the direction of the lattice is s < 5 mm. The quasi-periodic potential is imposed by using two lasers in a standing-wave configuration 16 . The gaussian shape of the laser beams forming the primary lattice also provides radial confinement of the condensate in the absence of the harmonic trap.
In our first experiment we investigated transport, by abruptly switching off the main harmonic confinement and letting the atoms expand along the one-dimensional bichromatic lattice. We detect the spatial distribution of the atoms at increasing evolution times using absorption imaging (see Fig. 2a ). In a regular lattice (D 5 0) the eigenstates of the potential are extended Bloch states, and the system expands ballistically. In the limit of large disorder (D/J . 7) we observe no diffusion, because in this regime the condensate can be described as the superposition of several localized eigenstates whose individual extensions are less than the initial size of the condensate. In the crossover between these two regimes we observe a ballistic expansion with reduced speed. This crossover is summarized in Fig. 2b , which, for a fixed evolution time of 750 ms, shows the width of the atomic distribution versus the rescaled disorder strength D/J, for three different values of J. In all three cases, the system enters the localized regime at the same disorder strength, providing compelling evidence of the scaling behaviour intrinsic to the model described in equation (1) .
In this regime, the eigenstates of the hamiltonian in equation (1) are exponentially localized, and the tails of diffusing wave packets are expected to behave like stretched exponentials 24 . We therefore analysed the tails of the spatial distributions with an exponential function of the form f a (x) 5 Aexp(2j(x 2 x 0 )/lj a ), the exponent a being a fitting parameter. Two examples of this analysis, one for weak disorder and one for strong disorder, are shown in Fig. 3a, b . The exponent a exhibits a smooth crossover from a value of two to a value of one as D/J increases ( Fig. 3c ), signalling the onset of an exponential localization. The value a 5 2 that we obtain for small D/J corresponds to the expected ballistic evolution of the initial gaussian momentum distribution of the non-interacting condensate. We note that in the radial direction, where the system is only harmonically trapped, the spatial distribution is always well fitted by a gaussian function (a 5 2).
Information on the eigenstates of the system can also be extracted from the analysis of the momentum distribution of the stationary atomic states in the presence of the harmonic confinement. The width of the axial momentum distribution P(k) is inversely proportional to the spatial extent of the condensate in the lattice. We measure it by releasing the atoms from the lattice and imaging them after a ballistic expansion.
In Fig. 4, we show examples of the experimental momentum distributions that are in agreement with the model predictions for the low-lying eigenstates. Without disorder, we observe the typical grating interference pattern with three peaks at k 5 0, 62k 1 , reflecting the periodicity of the primary lattice. The very small width of the peak at k 5 0 indicates that the wavefunction is spread over many lattice sites 25 . For weak disorder, the eigenstates of the hamiltonian in equation (1) are still extended, and additional momentum peaks appear at momentum space distances 62(k 1 2 k 2 ) from the main peaks, corresponding to the beating of the two lattices. As we further increase D/J, P(k) broadens and its width eventually becomes comparable with that of the Brillouin zone, k 1 , indicating that the extension of the localized states becomes comparable with the lattice spacing. From the theoretical analysis of the Aubry-André model, we have a clear indication that in this regime the eigenstates are exponentially localized on individual lattice sites.
We note that the side peaks in the two bottom profiles of Fig. 4a , b indicate that the localization is non-trivial, that is, the tails of the eigenstates extend over several lattice sites even for large disorder. The small modulation on top of the profiles is due to the interference between the several localized states over which the condensate is distributed. In Fig. 4c , we present the root-mean-squared width of the central peak of P(k) as a function of D/J, for three different values of J. The three data sets lie on the same line, confirming the scaling behaviour of the system. A visibility of the interference pattern, V 5 (P(2k 1 ) 2 P(k 1 ))/(P(2k 1 ) 1 P(k 1 )), can be defined to highlight the appearance of a finite population in the momentum states 6k 1 and, therefore, the onset of exponential localization with an extension comparable with the lattice spacing. In Fig. 4d , we show the visibility extracted from the same data as Fig. 4c . Experiment and theory are again in good agreement, and feature a sudden decrease in the visibility for D/J < 6.
Further information on the localized states can be extracted from the interference of a small number of them. This regime can be reached in the experiment by simply reducing the spatial extent of the condensate through an increase of the harmonic confinement. Typical profiles of P(k) are displayed in Fig. 5a -c. Depending on the degree of confinement, we observe one, two or three states, featuring a smooth distribution or a clear multiple-slit interference pattern. The spacing of the fringes yields a spatial separation between the localized states of about five sites, as expected. The independent localized states have a quasi-two-dimensional geometry, because their axial extents are much smaller than their radial extents. This feature makes our system an excellent testing ground in which to study the physics of quasi-two-dimensional systems 26 , which were recently investigated using widely spaced optical lattices 27 . We also observe ( Fig. 5d ) interference patterns which present a dislocation, possibly produced by thermal activation of a vortex in one of the two localized states 27 , but in our case for non-interacting atoms.
In this work we have observed Anderson localization of coherent non-interacting matter waves. Future studies might reveal how a weak, controllable interaction affects the observed localization transition. More generally, the high theoretical and experimental control possible in this system makes it a novel platform for the study of exotic quantum phases arising from the interplay between interaction and disorder 6, 8, 28 (see also ref. 29 and references therein). 
METHODS SUMMARY
Non-interacting Bose-Einstein condensate. The condensate of 39 K atoms was produced at a large positive value of the s-wave scattering length (a < 180a 0 , a 0 5 0.529 3 10 210 m) at a magnetically tuneable Feshbach resonance 17, 30 . The scattering length was then adiabatically reduced to values of the order of 0.1a 0 (ref. 23 ), corresponding to an atom-atom interaction energy of U < 10 25 J (ref. 6) .
Quasi-periodic optical lattice. The quasi-periodic potential was created by superimposing two standing waves created with laser beams of wavelengths l 1 < 1,032 nm (primary lattice) and l 2 < 862 nm (secondary lattice), with waists of 150 mm. The two lattice depths were adjusted by varying the intensity of the beams, and calibrated by Bragg diffraction. The heights s i of the lattices (i 5 1, 2), in units of the recoil energies E R,i 5 h 2 /(2Ml i 2 ), are s 1 # 10 and s 2 # 3 (where M is the atomic mass). The estimated relative uncertainty at a 95% confidence level on D/J is 15%. An additional uncertainty of 10% due to the nonlinearity of the modulators' response is shown in Figs 2-4 as a horizontal error bar. Analysing the atomic distributions. The atomic samples were imaged on a charge-coupled-device camera with a spatial resolution of about 5 mm. The images analysed in Figs 2 and 3 were recorded just after the release from the trap. The analysis of the profiles of Fig. 3 was carried out by integrating the atomic density distributions along the radial direction. The top 20% of the signal was dropped and only the remaining tails were fitted. This takes into account the possible gaussian broadening effects of the transfer function of the imaging system and the fact that we populate few localized states. The profiles in Figs 4 and 5 were obtained after a long ballistic expansion over 25 ms to reduce the contribution of the initial spatial distribution. The analysis of typically four or five different images was used to extract individual data points in 
